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Abstract 
Site-directed mutagenesis in subunit II of the cytochrome c oxidase (haem aa 3) from Paracoccus denitrificans reveals that two 
carboxylic residues, Glu-246 and Asp-206 (corresponding to 198 and 158 in the bovine subunit II), are involved in the binding of 
cytochrome c. Spectrophotometric and polarographic measurements with the isolated enzymes of both mutant strains show a strongly 
reduced activity compared to wild-type oxidase, with the overall catalytic apacity (kcat/KM) of both mutants decreased about 8-fold. 
EPR spectra reveal no significant differences between the wild-type and the mutant enzymes, indicating that neither esidue contributes 
significantly to the structure of the Cu A centre. We conclude that Glu-246 and Asp-206 constitute an essential part of the binding site for 
cytochrome c.
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Cytochrome c oxidase (EC 1.9.3.1) is the terminal 
enzyme of the respiratory chain of mitochondria nd many 
prokaryotes (for reviews see [1-3]). In the soil bacterium 
Paracoccus denitrificans, it is composed of three subunits 
which are related to the mitochondrially encoded subunits 
of the eukaryotic enzyme [3,4]. While haem a and the 
binuclear centre (haem a 3, copper B) reside in subunit I, 
subunit II carries the Cu A site which presumably consists 
of two copper ions [5,6] and is believed to act as the entry 
point of electrons from cytochrome c [7]. 
Several studies identified subunit II of the oxidase as 
the binding site for cytochrome c [8-11]. Investigations of
the catalytic centre where cytochrome c is supposed to 
donate electrons to the Cu A site suggested the involvement 
of several carboxylate groups. Three such residues in the 
bovine heart enzyme (one of them corresponding to Glu- 
246 in P. denitrificans ~) have been shown to be protected 
by cytochrome c against modification using a water-solu- 
ble carbodiimide [12]. Studies with the mammalian en- 
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zyme, using arylazidocytochrome c, indicated the involve- 
ment of an aspartate (D206 in P. denitrificans) in the 
binding of cytochrome c [13]. E246 and D206 are con- 
served among several species and are of particular interest 
due to their close vicinity to the putative copper ligands. 
Interaction studies focussing on specific residues of the 
cytochrome c molecule used modified cytochromes c; 
experiments indicated that several lysine residues sur- 
rounding the haem are involved in binding to cytochrome 
c oxidase and other redox enzymes [14-16]. 
Here, we use the technique of site-directed mutagenesis 
on the prokaryotic ytochrome c oxidase to identify the 
role of two acidic residues in subunit II for binding 
cytochrome c. The oxidase from P. denitrificans has been 
characterized in great detail [3,4] and is easily accessible 
for gene deletion and mutagenesis studies [17,18]. In addi- 
tion, it has long been known to interact efficiently with 
mammalian cytochrome c which we use as electron donor 
for the kinetic measurements. With the genuine electron 
mediator between complex III and oxidase in P. denitrifi- 
cans, believed to be a membrane-bound cytochrome (c-552; 
see [19]; Turba, Jetzek and Ludwig, unpublished ata), not 
available in reasonable amounts for kinetic measurements, 
the horse-heart cytochrome c has been used widely as a 
heterologous substitute providing turnover ates even supe- 
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rior to the soluble cytochrome c-550 isolated from P. 
denitrificans [20,21 ]. 
In two individual mutations (E246Q and D206N) we 
analyze the steady-state kinetics of the isolated enzymes 
with horse-heart cytochrome c in the spectrophotometric 
and polarographic assay. We find K M and kca t to be 
affected by each mutation, resulting in a decreased overall 
catalytic efficiency (about eightfold) for both mutants. 
Strains: Paracoccus denitrificans ST4 [22] carries a 
deletion in the cta operon and completely lacks expression 
of cytochrome aa 3. This strain is complemented in trans 
(as described earlier; [23]) by the cta operon conveying 
either the mutation E246Q or D206N. For enzyme isola- 
tion, the two mutant strains are grown on succinate medium 
[24] including streptomycin sulfate (25 /zg/ml). To avoid 
interference of bound manganese in the EPR measure- 
ments [25], the final concentration of manganese is low- 
ered to 0.5 /xM in the growth medium. 
Site-directed mutagenesis i done according to the al- 
tered sites mutagenesis protocol (Promega, Heidelberg). 
Enzyme preparation: Membranes are isolated according 
to [23]. Cytochrome c oxidase is solubilized using dodecyl 
/3-I>maltoside and purified as described earlier [26]. Pro- 
tein determination, SDS PAGE, Western blotting and cy- 
tochrome c oxidase difference spectra were performed 
according to [22-24,27]. 
EPR spectra: X-band EPR spectra are recorded on a 
Bruker ER 200D spectrometer; atomic absorption mea- 
surements were performed on a Perkin-Elmer AAS 2380. 
Steady-state kinetics of cytochrome c and cytochrome 
oxidase: Cytochrome oxidase activity is assayed at 25°C 
in 20 mM Tris-HC1 (pH 7.5), 20 mM KC1, 1 mM EDTA 
and 0.2 g/1 dodecyl maltoside. The spectrophotometric 
assay is performed using a Kontron Uvikon 941 photome- 
ter. The reaction is started by the addition of the purified 
enzyme (40 pM), and the oxidation of reduced cytochrome 
c is followed at 550 nm. The polarographic assay is 
performed in the same buffer supplemented with sodium 
ascorbate and TMPD to a final concentration of 10 mM 
and 100 /~M, respectively. After addition of the enzyme 
(40 nM) the oxygen consumption i  the presence of vari- 
ous cytochrome c concentrations i followed. In both 
assays the cytochrome c concentration is varied between 
0.5 and 80 /zM, and the reaction rates are presented as 
turnover numbers for cytochrome c (s- i ). 
Chemicals: Horse-heart cytochrome c and TMPD are 
obtained from Sigma (Deisenhofen), ascorbate from Merck 
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Fig. I. Lineweaver-Burk plot of the spectrophotometrically determined 
high affinity phase comparing wild type (WT) and mutants (for details, 
see text). 
(Darmstadt) and dodecyl maltoside from Biomol (Ham- 
burg). 
In this study, two independent mutants in subunit II of 
cytochrome c oxidase from P. denitrificans are con- 
structed by site-directed mutagenesis. Glutamate 246 is 
changed to glutamine and aspartate 206 to asparagine. 
Using reduced horse-heart cytochrome c (see above), 
steady-state kinetics are measured spectrophotometrically. 
Commonly, analysis of kinetic data on the interaction 
between cytochrorne c and oxidase reveals non-linear be- 
haviour in a Lineweaver-Burk plot, leading to the defini- 
tion of two pairs of K M and kca t values, which describe a 
high- and a low-affinity phase of the reaction (e.g., [28- 
30]). We observe the same general kinetic pattern in our 
present study with the isolated P. denitrificans enzymes. 
When compared to kinetic parameters of the wild type 
enzyme (see Table 1 and Fig. 1), both mutations clearly 
affect the interaction with cytochrome c. This is reflected 
most significantly by the increase of the K M value (about 
4- to 5-fold) for the high-affinity phase in both mutants. 
Taking the Michaelis constant as a measure of the affinity 
of the enzyme for its substrate, the increased values of the 
mutants indicate a decreased affinity for cytochrome c at 
the catalytic entre. In contrast, the K M of the low-affinity 
phase remains essentially unchanged (see Table 1). 
However, both turnover numbers of the mutated en- 
zymes are affected as well, although to a lesser extent (see 
Table 1), confirmed also by the polarographic assay (data 
not shown). So we obviously face a more complex situa- 
Table 1 
Kinetic parameters for the purified enzymes in the spectrophotometric assay for the high (KMI, kcatl) and the low (KM2, kcat2) affinity phases 
KM~ (/zM) kcatt (s -I ) kcatl/KMi KM2 (/zM) kcat2 (s - I )  
Wild type 0.59 363 615 5.3 543 
E246Q 2.5 200 80 6.7 299 
D206N 2.8 247 88 8.2 317 
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tion where not only the binding of substrate, reflected by 
the K M value, is impaired (see below). 
In order to exclude effects of the mutations on the 
integrity of the Cu A centre leading to an impeded electron 
transfer, EPR spectra are recorded for the isolated wild 
type and mutant enzymes. They reveal no remarkable 
differences for the mutants in comparison to the wild type 
(data not shown). Furthermore, quantitation of the copper 
content in the oxidase preparations by atomic absorption 
spectroscopy (wild type, 2.9; D206N, 3.2; E246Q, 2.8 
mol/mol aa 3) suggests that both amino acids have no 
structural impact on the Cu A centre. 
With the copper centre obviously left intact, we can 
only speculate at present why the turnover numbers are 
diminished in both mutants. An explanation may be given 
by assuming that, apart from the decreased binding con- 
stant for the substrate molecule, a disturbed orientation of 
the electron donor at the (mutated) contact site on subunit 
II would also lead to an obstruction in the optimal transfer 
pathway for the electron. To solve this question, a more 
detailed analysis of the individual redox steps between 
reduced cytochrome c and oxygen will be required. 
Elevated K M values for the high-affinity phase are not 
observed with the polarographic assay (not shown); values 
are in the same range for wild type and mutants. The 
polarographic assay provides a continuous reduction by the 
TMPD/ascorbate couple for the substrate cytochrome c, 
whether in solution or bound to the enzyme. Product 
dissociation, which is the rate-limiting step in the spec- 
trophotometric assay [29], is not required under these 
conditions. Therefore, the spectrophotometric assay is the 
more discriminating test in steady-state kinetics for our 
purposes. 
The differences between wild type and mutants can also 
be highlighted if the kcat/K M criterion is considered. As 
this should be a measure of the overall catalytic efficiency, 
the decreased values of the mutants (about 8-fold) indicate 
that both mutations affect the catalytic centre. These re- 
sults lead to the conclusion that glutamate 246 and aspar- 
tate 206 provide part of the cytochrome c binding site on 
oxidase; further mutational studies will be needed to inves- 
tigate the role of other conserved residues possibly con- 
tributing to this site as well. 
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